To determine the effects of sika deer (Cervus nippon) browsing on the physical defences of the Japanese pricklyash "Zanthoxylum ailanthoides Sieb. et Zucc." (Rutaceae), we compared the length and density of prickles on Japanese islands which were under different browsing pressures. We measured the length and density of prickles on the midribs, leaf rachis, and stems. We found that the prickles of Z. ailanthoides on Kashima island were not significantly longer or at higher densities than those in the neighbouring areas; the longest pickles at the highest densities were found on Akune island. The density of sika deer on Akune (ca. 520 -600/km 2 ) was higher than that on Kashima (ca. 38.5/km 2 ), and consequently, Akune was under greater browsing pressure. Our results suggest that the increased length and density of prickles on Akune is a response by Z. ailanthoides to the high density of sika deer found on the island.
Introduction
Plants have developed numerous physical and chemical defences against herbivores. Such defences are considered beneficial because they ultimately reduce herbivory, and increase plant fitness [1] . The physical defences of plants are required to withstand abiotic factors, such as wind damage, and biotic factors, such as herbivory. The Japanese sika deer (Cervus nippon) eats a wide variety of plants and is a gregarious species. Consequently the effects of sika deer on plant communities are increasing in the forests and alpine ecosystems of Japan [2] , and local increases in sika deer numbers compound these effects [3] [4] [5] . Indeed, sika deer have a large impact on agricultural and forested vegetation in Japan [2] , and on the islands of southern Japan, are important in seed dispersal, particularly the small seeds of graminoids [6, 7] .
The heavy browsing of sika deer has therefore altered the structure of some Japanese forests [2] .
Prickles are thought to reduce the quantity of twigs or shoots eaten per unit of time by vertebrate herbivores by reducing bite size or biting rate [8] [9] [10] , and are a defence primarily against mammalian herbivores [11] . Interestingly, some studies indicate that plants have developed long prickles as a defence against heavy browsing by sika deer on small Japanese islands. For example, Kinkazan island (32'57"N, 132'27"E; area: 959 ha), which is situated approximately 1 km off the Pacific coast of Honshu, has a high density of sika deer (ca. 63.2/km 2 ) [12] . As a result, Cirsium amplexifolium (Nakai) Kitam. var. muraii (Kitam.) Kitam. (Asteraceae) has a limited distribution on the island, and has longer prickles around its leaf edges and stems than those of C. amplexifolium var. amplexifolium, that occurs over a wide area of northern Honshu [13] . In addition, Kashima isl-and (32'57"N, 132'27"E; area: 45.1 ha) (Figure 1) , which is located off southwest Shikoku, has a high density of sika deer (ca. 38.5/km 2 ) [14] , and the prickles of Rubus sieboldii Blume (Rosaceae) are significantly longer and at higher densities than those in ungrazed neighbouring localities, based on comparative morphological analysis [15] .
These results suggest that many other plant species may have developed long prickles under the high browsing pressure of sika deer, but which species in particular remains unknown.
On Kashima, several plant species exist that possess prickles [16] . Of these, Zanthoxylum ailanthoides Sieb. et Zucc. (Rutaceae) is a medium to large deciduous pioneer species that has pinnate leaves and conical prickles ( Figure 2 ) and is found in Japan, Taiwan, Korea, China, and other parts of southeast Asia [13] . Further, it is one of the avoided plant species because of its prickles, which is a form of anti-herbivore defence [14] . This species may not only possess physical defences against herbivores, but also chemical defences, since it contains lignans, coumarins, quinolines, flavonoids, triterpenoids, and other substances [17] . However, this species is frequently damaged by sika deer on Mt. Kasugayama (ca. 950/km 2 ) [4, 18] . Therefore, the chemical defences of this species may be most effective against insect rather than deer attack, suggesting that it is possible to evaluate the effects of sika deer browsing by measuring the characteristics of the plants' physical defences (i.e. prickles) as has been carried out for other plant species. Kamijo et al. (2001) [19] conducted a comparative study of seedling morphology of Z. ailanthoides on the Izu islands, where there are no sika deer, and the Izu Peninsula, where sika deer are present. The percentage dry weight of prickles was lower on the Z. ailanthoides found on the Izu islands than those of the Z. ailanthoides found on the Izu Peninsula [19] . In addition, a nonprickle form, Z. ailanthoides var. ailanthoides f. espinosum Yonek, was found on Nii-jima island, which is one of the Izu islands [19] . It might therefore be possible for Z. ailanthoides to grow with no prickles, or few prickles, where sika deer are absent. Kamijo et al. (2001) [19] measured the relative weight of prickle to plant size using germinated seedlings derived from only one parent per population, under nursery conditions. However, no studies have been conducted that have used large numbers of samples derived from different parents, and grown under natural conditions with heavy browsing by sika deer.
In this study, we investigated whether Z. ailanthoides plants on Kashima have also developed long prickles to resist browsing by sika deer, as have R. sieboldii plants. The flora of Akune island (130'10"E 32'01"N) is similar to that of Kashima [14, 20] , and includes Z. ailanthoides. Akune is a small island (29.3 ha) off the southwest of Kyushu (Figure 1) , and has a high density of sika deer (ca. 520 -600/km 2 ) [21, 22] . It is possible that the prickles of Z. ailanthoides on Akune are also long as a defence against sika deer. The density of sika deer differs between Kashima and Akune, therefore the length and density of prickles of Z. ailanthoides may differ between 
Materials and Methods
Z. ailanthoides samples were collected from Kashima and Akune (that were heavily browsed by sika deer), and 5 areas close to Kashima (Komo Cape, Yokonami, Kurotaki, Hitsuzan, and Muroto) in 2012 and 2013 (Figure 1 , Table 1 ). The height of individual plants included was less than 1.5 m, which is the maximum height reached by sika deer. To measure prickle length and density on the midribs and leaf rachis of Z. ailanthoides, five fully expanded leaves from the middle of each plant were collected. The mean length and density of prickles were calculated based on measuring the length and density of 5 prickles per leaf. The mean length of prickles on a stem was calculated as the mean length of 5 prickles from 10 locations near the middle of the stem. Prickle density on stems was measured by counting the number of prickles per square section of the stem surface area at 10 locations on each plant. We measured leaf area, tree diameter at the base, and plant size, and analysed the prickle traits in comparison with the other traits. All statistical analyses were performed using SPSS Statistics 19 (IBM SPSS, Chicago, Illinois).
Results and Discussion
We analysed the length and density of prickles on the midribs, leaf rachis, and stem surfaces of Z. ailanthoides on Kashima and neighbouring areas, and on Akune (Table 2). The length and density of Z. ailanthoides prickles on Kashima were similar to those in the neighbouring areas ( Figure 3 , Table 2 ), suggesting that the grazing pressure of sika deer did not affect prickle characteristics on this island. The Akune population had the longest prickles, and the highest densities of prickles, of all the populations analysed ( Figure 3 , Table 2 ). These results suggest that Z. ailanthoides prickles on Akune had increased in length and density to counteract heavy browsing by sika deer. We did not find any relationships between prickle traits and the other traits measured (data 
not shown).
On Kashima, the prickles of R. sieboldii are significantly longer and at higher densities than those in neighbouring areas, probably as a response to relatively heavy browsing by sika deer [15] , but we found that the prickles of Z. ailanthoides were of a similar length and at similar densities to those in neighbouring areas (Figure 3 , Table 2 ). Further, why were the prickles of Z. ailanthoides on Kashima not longer and at higher densities than those in the adjacent regions. One possibility is that the prickle length and density of this species on Kashima were already sufficiently great to inhibit browsing by sika deer, and there was no necessity for the plant to develop longer prickles at higher densities. The prickle length of Z. ailanthoides was longer than that of R. sieboldii in the areas with low densities of sika deer [15] , suggesting that prickles play an important role in a plant's defence against sika deer. Therefore, the prickle of them has physical defence to avoid browsing by sika deer in various evergreen forests including Kashima island.
In contrast to Kashima, the prickles of Z. ailanthoides on Akune were the longest and at the highest densities of all the regions included in the study, suggesting that such structural modifications could have occurred due to the high density of sika deer on the island. It is unknown why the Z. ailanthoides population of Akune had significantly the longest prickles; there was no significant difference in prickle length between the populations of Kashima and its neighbouring areas. [15] , but we could not find R. sieboldii on Akune, even though this species is found in areas close to the island [23] . We suggest that this species might be extinct on Akune due to overgrazing by sika deer, since there is greater browsing pressure on Akune compared to Kashima. Recent studies have shown that forest damage by sika deer in Japan has increased, and the deer is now regarded as the most damaging mammalian pest species [2] . Indeed, some areas of forest are so heavily browsed that forest regeneration is prevented [24] ; it is possible that plant species with long prickles can be found in these forests.
From the results of the present study and those of Kamijo et al. (2001) [19] , it is probable that populations of Z. ailanthoides develop more prickles under heavy sika deer browsing pressure, and fewer prickles under low sika deer browsing pressure. Interestingly, a non-prickle variety (Z. ailanthoides var. inerme Rehder et E. H. Wilson) that has thin leaves grows on the Ogasawara islands, which are oceanic islands without sika deer [25] . The non-prickled and prickled varieties of Z. ailanthoides could have evolved on oceanic islands and small coastal islands respectively due to differential selection pressures caused by sika deer grazing.
In this study, no significant relationships were found between prickle traits and the other plant traits. However, future studies should investigate the relationship between prickles and relative growth rate per year, as there may be a trade-off between the dry weight biomass of individual plants and their corresponding prickle weights in this species (see [19] ).
